Five experiments were conducted to evaluate the effect of an Escherichia coli-derived phytase on phytate-P use and growth performance by young pigs. The first experiment involved time course, pH dependence, and phytase activity studies to investigate the in vitro release of P from corn, soybean meal, and an inorganic P-unsupplemented corn-soybean meal negative control diet. In Exp. 2, which was designed to determine the efficacy of the E. coli-derived vs. fungal phytase-added diets at 0, 250, 500, 750, 1,000, or 1,250 FTU/kg (as-fed basis; one phytase unit or FTU is defined as the quantity of enzyme required to liberate 1 mol of inorganic P/min, at pH 5.5, from an excess of 15 M sodium phytate at 37°C) and a positive control diet, eight individually penned 10-kg pigs per diet (12 diets, 96 pigs) were used in a 28-d growth study. The third experiment was a 10-d nutrient balance study involving six 13-kg pigs per diet (four diets, 24 pigs) in individual metabolism crates. In Exp. 4, eight pens (four pigs per pen) of 19-kg pigs per treatment were used in a 42-d growth performance study to examine the effect of adding the E. coli-derived phytase to cornsoybean diets at 0, 500, or 1,000 FTU/kg (as-fed basis)
Introduction
A significant portion of the P in mature cereal grains and oilseeds is present as phytate-bound P. Because monogastric animals have little intestinal phytase, use of P in cereal grains and oilseed meals is limited. Consequently, phytate not assimilated by animals is excreted in manure and contributes to P-related environmental 2657 and a positive control (four diets, 128 pigs). In Exp. 5, six 19-kg pigs per treatment were used in a 10-d nutrient balance study to investigate the effects of the E. coliderived phytase added to diets at 0, 250, 500, 750, or 1,000 FTU/kg (as-fed basis) and a positive control diet (six diets, 36 pigs). The in vitro study showed that the E. coli-derived phytase has an optimal activity and pH range of 2 to 4.5. Inorganic phosphate release was greatest for soybean meal, least for corn, and intermediate for the negative control diet. Dietary supplementation with graded amounts of E. coli-derived phytase resulted in linear increases (P < 0.05) in weight gain, feed efficiency, and plasma Ca and P concentrations in 10-kg pigs in Exp. 2. Phytase also increased P digestibility and retention in the 13-kg pigs in Exp. 3. In Exp. 4, dietary supplementation with E. coli-derived phytase resulted in linear increases (P < 0.05) in weight gain and feed efficiency of 19-kg pigs. Supplementation of the diets of 19-kg pigs with the E. coli-derived phytase also improved Ca and P digestibility and retention in Exp. 5. In the current study, the new E. coli-derived phytase was efficacious in hydrolyzing phytate-P, both in vitro and in vivo, in young pigs. pollution problems (Adeola, 1999) . Furthermore, phytic acid has strong chelating potential in the gut and complexes Ca and Zn, thereby decreasing their bioavailability (Thomson and Yoon, 1984; Nolan et al., 1987) . Adding microbial phytase to diets has been demonstrated to increase phytate hydrolysis and the availability of P and other minerals that may be chelated by phytic acid (Lei et al., 1993b; Adeola et al., 1995) .
The 3-and 6-phytases derived from Aspergillus niger and Peniophora lycii initiate dephosphorylation from positions 3 and 6, respectively, on the myo-inositol ring (Wodzinski and Ullah, 1996) . A 6-phytase cloned from Escherichia coli obtained from pig intestine was shown to be effective in releasing phytate-bound P in chicks and pigs (Leeson et al., 2000; Augspurger et al., 2003) . The E. coli phytase (EP) exhibited a single pH optimum range (2.5 to 3.5), which is different from the two pH optima of 2.5 and 5.5 for the fungal 3-phytase Natuphos Phytase premix replaced corn starch in the negative control diet. f Calculated lysine (g/kg) was 14.2 for diets used in Exp. 1, 2, and 3, and 9.6 for diets used in Exp. 4 and 5. (Rodriguez et al., 1999a) . Previous in vitro studies showed that EP is more resistant to inactivation in the digestive tract than are other commercially available phytase (Igbasan et al., 2000) . Any new phytase preparation requires rigorous evaluation of its efficacy in hydrolyzing phytic acid. We hypothesized that supplementation of low-nonphytate-P diets with the new phytase improves phytate P digestibility and growth performance. In the current research, in vitro and in vivo studies were designed to investigate the efficacy of a phytase preparation, whose encoding genes originated from E. coli (Grenier et al., 1993) and were expressed in Bacillus subtilis.
Materials and Methods

In Vitro Studies (Exp. 1)
The first experiment involved three in vitro studies examining the release of P in corn, soybean meal, and complete diet (Table 1 ) from added EP. The three in vitro studies consisted of time course, pH dependence, and phytase activity. Commercial buffers 2-[N-morpholino]ethanesulfonic acid, HEPES, and Tris, and sodium phytate were purchased from Sigma Chemical Co. (St. Louis, MO). A 50-mM concentration of each buffer was prepared and adjusted to the required pH with HCl, NaOH, or Tris. Corn and soybean meal (same batch used in mixing the negative control diet) or negative control diet (Table 1) were ground to pass a 1-mm screen.
Time Course Study. Six replicates (approximately 100 mg) each of corn, soybean meal, or a negative control diet were weighed into incubation tubes. Buffer was added to samples in the incubation tubes and vortexed. To initiate the reaction, phytase enzyme stock solution was added to give 500 FTU/kg of sample. One phytase unit (FTU) is defined as the quantity of enzyme required to liberate 1 mol of inorganic P (iP)/min, at pH 5.5, from an excess of 15 M sodium phytate at 37°C (International Union of Biochemistry, 1979) . The samples were incubated in a shaking water bath maintained at 40°C for 0, 0.5, 1, 2, 4, 12, or 24 h. At the specified times, a stop solution (2.4 M HCl) placed on ice bath was added to give a concentration of 1 M HCl. For time zero, the stop solution was added before initiating with phytase. The contents of the incubation tube were centrifuged at 5,000 × g for 10 min at 4°C. The supernatant was analyzed for inorganic phosphate as described in the chemical analysis section.
pH Dependence Study. Six replicates (approximately control diet were weighed into incubation tubes. Buffers with pH 1.5 to 7 were brought up to temperature by placing in a 40°C water bath, added to samples in the incubation tubes, and vortexed. Phytase solution was added to give 500 FTU/kg of sample and incubated in a shaking water bath maintained at 40°C for 1 h. The reaction was stopped and samples were processed as described above.
Phytase Activity Study. Six replicates (approximately 100 mg) each of corn, soybean meal, the negative control diet and the positive diet were weighed into incubation tubes. Buffer (pH 4.5 or 5.5) was brought up to temperature by placing in a water bath at 40°C, added to samples in the incubation tubes, and vortexed. Phytase solution was added to give 0, 125, 250, 500, 750, 1,000, 2,000, or 4,000 FTU/kg of sample. Sample incubation and processing were conducted as described above.
Growth Performance of 10-kg Pigs (Exp. 2)
The experiment was conducted to determine the effect of EP in diets with no added iP when fed to 10-kg pigs for 28 d. A fungal phytase (FP) was included for comparison. Twelve diets including a positive control with no added phytase but adequate in Ca and P levels (Table 1) ; a negative control with no added iP (NC); NC plus (as-fed basis) 250, 500, 750, 1,000, or 1,250 FTU of EP/kg; and NC plus 250, 500, 750, 1,000, or 1,250 FTU of FP/kg were used. All diets were corn-soybean meal-based and formulated to meet or exceed recommendations for the 10-kg pig (NRC, 1998) , with the exception of dietary P in the negative control diet. There were 96 individually penned pigs (48 barrows and 48 gilts) with an average initial weight of 10 kg in eight blocks (initial weight was used as the basis for blocking) in a randomized complete block design.
Pigs were provided ad libitum access to feed and water for 28 d using protocols and facilities similar to those described by Adeola et al. (1995) . Feed was withheld for 16 h before taking initial pig weights on d 1. On d 28, feed was weighed and withdrawn for approximately 16 h for an overnight fast. On d 29, pigs were weighed, given 500 g of their respective diets, and bled approximately 2 h after feeding. Blood samples for all pigs were taken from the anterior vena cava into heparinized Vacutainer tubes and placed in ice buckets. Plasma was separated by centrifugation at 2,000 × g for 15 min at 5°C and stored at −18°C until analyzed for P, Ca, and urea N.
Energy and Nutrient Balance of 10-kg Pigs (Exp. 3)
Based on the results of Exp. 2, four diets from those used in Exp. 2 were selected for an energy and nutrient retention study. The diets selected were a positive control, NC, NC plus 750 FTU of EP/kg, and NC plus 750 FTU FP/kg (as-fed basis). Pigs were fed a 22% CP, 1.15% lysine diet until they attained a weight of 13 kg. Twenty-four 13-kg barrows were selected and assigned to the four diets, resulting in six pigs per treatment in a randomized complete block design and used in a nutrient balance study consisting of a 5-d adjustment and 5-d collection. Pigs were housed in stainless steel metabolism crates (0.83 m × 0.71 m) that allowed for separate collection of feces and urine using protocols described by Adeola and Bajjalieh (1997) .
Growth Performance of Growth performance study was conducted to examine the effect of adding the EP in diets with no added iP when fed to 19-kg pigs. Four diets, including a positive control with no added phytase but adequate in Ca and P levels (Table 1) , a NC, NC plus 500 or 1,000 FTU of EP/kg (as-fed basis) were used. All diets were cornsoybean meal-based and formulated to meet or exceed recommendations for the 20-kg pig (NRC, 1998) , with the exception of dietary P in the NC diet. A total of 128 pigs (64 barrows and 64 gilts) with an average initial weight of 19 kg was assigned to the four treatments, resulting in 32 pigs per treatment. Four replicate pens of barrows and four replicate pens of gilts consisting of four pigs per pen were used in a randomized complete block design. Pigs were housed in slatted-floor pens (1.68 m × 3.05 m) equipped with nipple drinkers. The pens were located in an environmentally regulated building maintained at 23 ± 2°C with a 12-h light (0700 to 1900) cycle. Body weight was recorded every 2 wk and ad libitum access to feed and water was provided for 42 d.
Energy and Nutrient Balance of 20-kg Pigs (Exp. 5)
An energy and nutrient digestibility study was designed to examine the effect of dietary EP in pigs with an initial weight of 20 kg. Six dietary treatments, including a positive control with no added phytase but adequate in Ca and P levels (Table 1) ; NC; and NC plus 250, 500, 750, or 1,000 FTU of EP/kg (as-fed basis), were used. Thirty-six barrows were assigned to the six diets in randomized complete block design. The study was conducted as described above in Exp. 3.
Chemical Analysis
Inorganic phosphate analysis in the in vitro study was conducted by using Sigma kit No. 670 (Sigma Diagnostics, St. Louis, MO). Using appropriate dilutions, aliquots of the supernatant were plated on microtiter plates in triplicate. Inorganic phosphate in the samples was complexed with ammonium molybdate, incubated at 60°C for 10 min, and allowed to cool for 30 min. Absorbance of the reduced complex was read at 660 nm.
Fecal samples were thawed, mixed thoroughly, and 20% subsamples were dried at 55°C for 72 h. Fecal subsamples and diets were air-equilibrated and ground through 1-mm screen in a Wiley mill. Urine samples were thawed and strained through glass wool to remove particulate matter, and 300-mL samples were weighed into aluminum pans and dried in a forced-air oven at 55°C for 72 h. Dry weights were recorded immediately after removal from oven; samples were placed in WhirlPak bags (Nasco, Ft. Atkinson, WI) and frozen at −18°C. Samples were taken out of the freezer immediately before energy determination with a Parr 1261 adiabatic calorimeter (Parr Instrument Co., Moline, IL). Nitrogen analysis of diets, feces, and liquid urine samples was carried out by combustion method using a FP 2000 nitrogen analyzer (Leco Corp., St. Joseph, MN). Diets, feces, and urine were analyzed for Ca and P, and diets were analyzed for nonphytate P as described by Sands et al. (2001 Sands et al. ( , 2003 . Enzymatic activity of phytase was determined by the method of Engelen et al. (1994) .
Statistical Analyses
Data were analyzed as a randomized complete block design using the GLM procedures of SAS (SAS Inst., Inc., Cary, NC). Each incubation tube served as the experimental unit in the in vitro studies, and pen served as the experimental unit in the growth performance and nutrient balance studies. In the in vitro studies, nonlinear regression analyses of iP release against incubation time or phytase activity were performed using FigP software (BioSoft, Cambridge, U.K.). Differences between ingredient/diet means within each time point or pH, and differences between pH means within each ingredient/diet were separated using protected LSD. For the growth performance and nutrient balance studies, linear and quadratic contrasts, as well as contrasts of positive and negative control diets, were used to separate means as appropriate. An alpha level of 0.05 was considered statistically significant.
Results and Discussion
The respective analyzed total and nonphytate P of the samples used in the in vitro studies were (g/kg): corn, 2.6 and 0.9; soybean meal, 6.9 and 3.5; and the negative control diet, 3.4 and 1.4. For Exp. 2 and 3, analyzed phytase activity in diets formulated to contain 250, 500, 750, 1,000, or 1,250 FTU of EP/kg were 198, 560, 696, 1,003, or 1,396 FTU/kg, respectively; corresponding values for diets containing FP were 244, 496, 804, 986, or 1,249 FTU/kg. Diets formulated to contain 250, 500, 750, or 1,000 FTU of EP/kg in Exp. 4 and 5 analyzed at 241, 519, 778, or 1,024 FTU/kg, respectively.
In Vitro Studies (Exp. 1)
The time course of phytate hydrolysis in corn, soybean meal, and NC samples incubated with 500 FTU EP/kg at pH 4.5 is presented in Figure 1 . The release of iP responded curvilinearly to incubation time and was fitted to a nonlinear model. At all time points, iP release from soybean meal was greater (P < 0.01) than from the NC diet or corn, and the release of iP from Figure 1 . Time course of phytate hydrolysis in corn, soybean meal, or the negative control diet by E. coli-derived phytase. Samples were incubated with 500 phytase units (FTU)/kg at pH 4.5 in a shaking water bath maintained at 40°C for specified times. Analyzed total and nonphytate P of the samples, respectively, were (g/kg): corn, 2.6 and 0.9; soybean meal, 6.9 and 3.5; and the negative control diet At all time points, inorganic P (iP) release from soybean meal was greater (P < 0.01) than from the NC diet or corn, whereas iP release from corn was lower (P < 0.05) than from the NC diet at all time points after 4 h. corn was lower (P < 0.05) than that from the NC diet at all time points after 4 h. The relatively quick phytate hydrolysis in soybean was probably due to both higher concentration of nonphytate P and the site of phytin within the seed. In dicotyledonous seeds, including oilseeds and other grain legume seeds, phytin accumulates in globoid crystals that are evenly dispersed within protein bodies (Erdman, 1979) . The phytin in soybean meal is closely associated with protein bodies, but is unique in that there seems to be no specific site of localization as it is distributed evenly in the seed. The structure, form, and site of phytin in grains and legume seeds may determine the extent of accessibility to enzymes and interactions with other nutrients (Adeola and . As would be expected from the Figure 2 . The pH dependence of phytase hydrolysis in corn, soybean meal, or the negative control (NC) diet by E. coli-derived phytase. Samples were incubated with 500 phytase units (FTU)/kg at the specified pH in a shaking water bath maintained at 40°C for 1 h. Analyzed total and nonphytate P of the samples, respectively, were (g/ kg): corn, 2.6 and 0.9; soybean meal, 6.9 and 3.5; and the negative control diet, 3.4 and 1.4. Values are means ± SE of six observations. At all pH points, inorganic P (iP) release from soybean meal was greater (P < 0.01) than from the NC diet or corn. Release of iP from soybean meal was higher (P < 0.01) between pH 2 and 4.5 than at any other pH. In corn and NC, iP release was higher (P < 0.01) between pH 2 and 4 than at any other pH.
higher total P in soybean meal (6.9 g/kg), iP release due to phytase addition was greatest in soybean meal, least in corn, and intermediate in the NC diet.
The release of iP, during a 1-h incubation period, responded to the pH of the incubation medium ( Figure  2 ). Inorganic P release from soybean meal was greater (P < 0.01) than that from the NC diet or corn; the release of iP from the NC diet and corn were similar. The hydrolysis of phytate in soybean meal was highest (P < 0.01) between pH 2 and 4.5, with a precipitous decrease in iP release between pH 6 and 7. Inorganic phosphate release from corn and NC was highest (P < 0.01) between pH 2 and 4. This was followed by a decline in phytase activity between pH 4 and 6 and a steep decline thereafter. It is possible that substrate (phytate) availability in corn and the NC diet was limiting iP release. The pH dependence of phytase is likely related to the pH optima of the enzyme rather than to inherent characteristics of the ingredient or diet. However, the buffering capacity of the diet may vary depending on the form in which nutrients or additives are added to the diet. The optimal pH of the phytase used in this study is within the range of 4.5 to 5.5. This would explain the rapid drop in P release above pH 6. The pH dependence of phytase may also be related to phytate solubility. Phytate solubility rapidly decreases above pH 5.5 as insoluble salts of phytic acid are formed (Cheryan, 1980) . Previous in vitro studies using sodium phytate as a substrate demonstrated that EP had a pH optimum of 4.5 (Greiner et al., 1993; Igbasan et al., 2000) and was mainly active in the upper part of digestive system of pigs (Igbasan et al., 2000) . Rodriguez et al. (1999b) showed that the EP retained only 65% of its original pH 3.5-activity when assayed at pH 5.5. Similar to the observation in the time course study, iP release due to phytase addition was highest in soybean meal (P < 0.01), lowest in corn, and intermediate in NC. Phytase activity dependence of phytate hydrolysis in corn, soybean meal, and NC is depicted in Figure 3 . The release of iP from corn, soybean meal, or NC showed a curvilinear response to phytase activity.
Growth Performance of 10-kg Pigs (Exp. 2)
Increasing the dietary nonphytate P level increased (P < 0.01) final weight, weight gain, and G:F of pigs over the 28-d period (Table 2 ; negative vs. positive control). However, feed intake and plasma urea nitrogen were not different between pigs that received the positive and negative control diets. Plasma urea nitrogen did not respond to dietary phytase supplementation and thus was not a valid response criterion for phytase effect. The efficacy of phytase on phytate-P use is shown by the responses in performance and measures of blood P status. The addition of graded levels of either EP or FP to NC diet resulted in linear increases (P < 0.01) in weight gain and G:F (Table 2 ). This observation confirms the well-documented improvement in weight gain of pigs fed phytase-supplemented low-nonphytate-P diets (Cromwell et al., 1993; Adeola et al., 1995; Augspurger et al., 2003) . Previous studies (Lei et al., 1993b; Han et al., 1997; Sands et al., 2001) showed that plasma P concentration is a sensitive measure of P status that is highly correlated with bone strength and growth in young pigs. The plasma concentrations of P and Ca concentration of pigs in the current study increased linearly (P < 0.05) with increasing supplementation of EP or FP to the diets (Table 2) . Adding EP or FP (750 FTU/ kg) to the NC diets resulted in a 21 or 22% increase in plasma P concentration of pigs, respectively (P < 0.01). The significant effect of phytase on plasma Ca concentration in weanling pigs is consistent with previous observations (Lei et al., 1993a) .
For all of the response criteria taken in the experiment, there were no treatment contrast differences between EP vs. FP, which is consistent with the results Figure 3 . The effect of phytase activity at 0, 125, 250, 500, 750, 1,000, 2,000, or 4,000 phytase units (FTU)/kg on hydrolysis of E. coli-derived phytate in corn, soybean meal, the negative and positive control diets. Samples were incubated in a shaking water bath maintained at 40°C for 1 h at pH 4.5. Analyzed total and nonphytate P of the samples, respectively, were (g/kg): corn, 2.6 and 0.9; soybean meal, 6.9 and 3.5; and the negative control At all phytase activities used, inorganic P release from soybean meal was greater (P < 0.01) than from the NC diet, which was greater (P < 0.01) from corn.
of Igbasan (2001) that EP was as effective as Natuphos in enhancing the availability of phytate-P for pigs. Furthermore, the recent study of Augspurger et al. (2003) showed that the supplementation of diets with 400 FTU/kg of Natuphos or EP resulted in a similar weight gain response of weanling pigs.
Energy and Nutrient Balance of 13-kg Pigs (Exp. 3)
The DM, energy, N, P, and Ca use data of 13-kg pigs that were offered EP or FP (750 FTU/kg) in a nutrient balance study are presented in Table 3 . Pigs that received iP in the positive control diet had higher (P < 0.01) P digestibility and retention than those fed the NC diet. Phytase supplementation of the low-nonphytate- P NC diet resulted in increased (P < 0.01) apparent digestibility and retention of P. The improvement in apparent digestibility and retention of P observed in the current study confirms earlier observations reported by Simons et al. (1990) and Sands et al. (2001) . In pigs that received the low-nonphytate-P NC and phytasesupplemented diets in the current study, apparent retention of P was close to apparent digestibility of Pvalue (the difference being less than 0.3 percentage units; Table 3 ), an indication that the pigs retained almost all of the P digested.
Apparent digestibility of Ca was higher (P < 0.05) in pigs that received the positive control diet than in those that received the NC diet (Table 3) ; however, there was no response in Ca digestibility or retention to phytase supplementation. This observed lack of response in Ca digestibility or retention to phytase supplementation differs from the observations reported by Lei et al. (1993a) and Nasi (1990) , who showed that digestive use of dietary Ca was improved when FP was added to the diets of weanling pigs. Differences in Ca and ingredients used in basal diets could contribute to these observations. As shown in Table 3 , there was no response in the digestibilities of DM, energy, or N to phytase or iP supplementation of the NC diet. The average DE (4.048 kcal/g) of the positive control diet was not different from that (3.860 kcal/g) of the NC diet in the study. This is not consistent with the suggestion by Graf (1986) that phytic acid, phytate residues, and phytin in nonruminant diets might decrease starch digestibility by inhibiting α-amylase or lipase, and that supplementation of microbial phytase to diets might neutralize these antinutritional effects and increase the digestibility of starch and lipid, thus improving the digestible energy.
Growth Performance of 19-kg Pigs (Exp. 4)
The 42-d growth performance of pigs (four pigs per pen, eight pens per diet) as affected by dietary EP supplementation is shown in Table 4 . The low-nonphytate-P diet depressed (P < 0.05) growth performance when compared with the positive control diet. Body weights at the end of wk 2, 4, and 6 increased linearly (P < 0.01) in response to phytase supplementation of the low-nonphytate-P NC diet. The addition of phytase to the low-nonphytate-P NC diet increased weight gain (linear effect, P < 0.01), feed intake (linear effect, P < 0.05), and G:F (linear effect, P < 0.01). Weight gain and G:F were increased by 29 and 17%, respectively, as dietary phytase level increased from 0 to 1,000 FTU/ kg. The positive effect of EP on feed intake, weight gain, and feed efficiency are close to the observations reported by Jongbloed et al. (1994) with Natuphos phytase in growing pigs.
Energy and Nutrient Balance of 19-kg Pigs (Exp. 5)
As presented in Table 5 , the addition of EP or iP to the diets had no effect on DM, energy, or nitrogen digestibilities. Recent results reported by Oryschak et al. (2002) showed that supplementation of diet with Natuphos phytase significantly increased N retention by reducing urinary N excretion and not by increasing N digestibility. In the current study however, N retention was not affected by the addition of phytase. The wide divergence of these N use values seemed to be related, in part, to the complex nature of phytate hydrolysis in the digestive system of pigs. Although Jongbloed et al. (1996) reported that the addition of Natuphos phytase to the diets of growing pigs enhanced the digestibility of DM, such a positive effect in growing pigs was not observed in the current study using the EP. Pigs fed the positive control diet digested Ca and P approximately nine percentage units better than those fed the NC diet (P < 0.01), but Traylor et al. (2001) did not detect any changes in the apparent digestibility of Ca between the corn-soybean basal diet and the diet containing Natuphos phytase (1,500 FTU/kg) fed to grow- ing pigs. There were linear increases in digestibilities and retentions in Ca and P (P < 0.01) when phytase supplementation of the low-nonphytate-P NC diet increased from 0 to 1,000 FTU/kg. The lowest P retention (41.53%), observed in the NC diet, was probably due to the low available P intake in the diet. Adding phytase at 750 FTU/kg to the diets of 19-kg pigs resulted in a relative increase of 36% in P digestibility, which is numerically greater than the 31% increase in the 13-kg pigs used in Exp. 3. Perhaps this is due in part to underlying physiological differences, such as digestive juice secretion, rate of passage, and control of digesta pH, between younger and older pigs. The study of Kemme et al. (1997) also showed that the efficacy of phytase supplementation in generating digestible P was less in pigs between 30 and 38 kg BW than in pigs between 40 and 100 kg BW. It appears that there exists a tendency toward an increase of phytase efficacy and P digestibility in pigs with increasing BW.
General Discussion
Phosphorus as a nutrient has posed challenges for nonruminant nutritionists due to the inefficiency of P use in cereal-based diets, expense of P supplementation, and potential environmental pollution effects of P in animal wastes. The advent of cost-effective, commercial-scale production of phytase enzyme has presented the monogastric nutritionist with an effective tool to improve P digestibility and use, minimize P excretion, and allow prudent use of P supplements in diet formulation. In the present research, the efficacy of an EP was evaluated using a three-prong approach: in vitro phytate hydrolysis, in vivo digestibility in weanling and growing pigs, and growth performance in weanling and growing pigs. The results indeed demonstrate that the EP, under controlled in vitro conditions, is effective in hydrolyzing phytin in grains and oilseed meal. Furthermore, the EP is also active in the gastrointestinal tract of pigs, as evidenced from the increased P digestibility in the phytase-supplemented low-nonphytate P diets. Presumably, the exogenous phytase-induced increase in P digestibility resulted in improved growth performance of weanling and growing pigs.
During a 24-h incubation with 500 FTU of the EP/ kg, 81 and 72% of the total P in corn (2.6 g/kg; analyzed) and the NC diet (3.4 g/kg; analyzed) were released (Figure 1) . The corresponding value for soybean meal (6.9 g/kg; analyzed) was 55%. In a study on in vitro hydrolysis of soybean meal phytin by 100 to 900 FTU of an EP, Rodriguez et al. (1999a) reported that between 1.5 and 8 mol of iP was released. This translates to a release of between 233 and 1,240 mg of iP/kg of soybean meal or between 3 and 18% of total P in soybean meal (based on analyzed total P of 6.9 g/kg). The duration of incubation, which could not be deciphered from the study, might be responsible for the difference between the current study and Rodriguez et al. (1999a) . In the current study, the release of iP, even after correction for nonphytate P in the samples, is a clear manifestation that the EP dephosphorylated the native myo-inositol hexakis dihydrogen phosphate in the feed samples under the in vitro conditions used in the current study. Phytic acid associates with K + and Mg 2+ and, to a lesser extent, Ca 2+ , to form phytin in plants . The size of globoid phytin crystals depends, to a large extent, on the ratio of divalent cations to K + and ratios with higher divalent cations favor the formation of large insoluble crystals. Furthermore, the site of phytin in the seed fraction varies between different grains, grains and legumes, and between legumes (Maga, 1982) . It would seem that the variable location of phytin between and within the seed, coupled with the differences in structure and form, have further implications on the differences between corn and soybean meal in the proportion of total P released during hydrolysis.
Growth performance of weanling and growing pigs was significantly decreased when pigs were fed the lownonphytate-P diets. The negative effects were attenuated by the addition of phytase to diets, demonstrating that the added phytase produced the desired effect in releasing iP from dietary phytate P and improving P use in corn-soybean meal diets for pigs. This contention is supported by the observed improvement in P digestibility when diets were supplemented with phytase. Thus, it could be surmised that the phytase added to pig diets in the current studies was active in dephosphorylating feed phytin in the gastrointestinal tract of pigs, and that the released P was absorbed and used to meet the P needs for maintenance and growth. The two phytase enzymes used in Exp. 2 and 3 were equally effective. As discussed by Augspurger et al. (2003) , however, interpretive problems affect the comparison of phytase enzymes with different pH optima. Determination of the activity of the two phytase enzymes at pH 5.5 (the optimal pH for FP) may underestimate the activity of EP (optimal pH = 2 to 4.5), resulting in a situation whereby more EP activity than that intended was added to diets. Digestibility of P in the positive control diet was approximately 16 percentage units higher than that in the diets supplemented with phytase in Exp. 3; however, plasma P concentration was lower in pigs fed the positive control diets than in those fed the diets supplemented with phytase in Exp. 2. This could be due to regulatory mechanisms involved with P release from the portal-drained viscera into systemic circulation relative to P requirements of the animal. There was a phytase-induced improvement in Ca digestibility in Exp. 5, but not in Exp. 3. This was due to the relatively lower Ca digestibility in the NC diet in Exp. 5 (71%) vs. Exp. 3 (79%). The relatively lower Ca digestibility in Exp. 5 could be related to the wider Ca:P ratio and the age of pigs used. Addition of phytase did not affect N or energy use in Exp. 3 and 5. Adeola and Sands (2003) point out that in the literature, in several instances, a lack of microbial phytase-induced improvement in protein and energy use has been reported. The totality of research on phytase-induced effects on protein and energy use in pigs epitomizes a conflicting base of information. The evidence is incontrovertible that microbial phytase is effective for improving digestive use of plant-derived phytin-P.
In summary, results in these studies demonstrate that the EP in a low-nonphytate-P diet was efficacious in hydrolyzing phytate. Supplementation of low-nonphytate-P diets with the new phytase improved phytate P digestibility and growth performance of pigs. Therefore, adding the EP to the diets can increase P use, decrease the need for inorganic P supplementation of diets, and decrease the excretion of P in swine manure.
